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Abstract. Horizontal heterogeneity can significantly affect the flux data quality at monitoring
sites in complex terrain. In heterogeneous conditions, the adoption of the eddy-covariance
technique is contraindicated by the lack of horizontal homogeneity and presence of advec-
tive conditions. In addition, uncertainty concerning the sources or sinks influencing a mea-
surement compromises the data interpretation. The consideration of the spatial context of
a measurement, defined by a footprint analysis, can therefore provide an important tool for
data quality assessment. This study presents an update of an existing footprint-based qual-
ity evaluation concept for flux measurement sites in complex terrain. The most significant
modifications in the present version are the use of a forward Lagrangian stochastic trajec-
tory model for the determination of the spatial context of the measurements, and the deter-
mination of effective roughness lengths with a flux aggregation model in a pre-processing
step. Detailed terrain data gathered by remote sensing methods are included. This approach
determines spatial structures in the quality of flux data for varying meteorological condi-
tions. The results help to identify terrain influences affecting the quality of flux data, such
as dominating obstacles upwind of the site, or slopes biasing the wind field, so that the
most suitable footprint regions for the collection of high-quality datasets can be identified.
Additionally, the approach can be used to evaluate the performance of a coordinate rotation
procedure, and to check to what extent the measured fluxes are representative for a target
land-use type.

Keywords: Complex terrain, Eddy covariance, Flux aggregation, Footprint modelling, Quality
assurance, Quality control.

1. Introduction

In order to improve the understanding of the role of different types of
ecosystems as sinks or sources for greenhouse gases, the number of flux mon-
itoring stations, organised e.g. in FLUXNET (e.g. Baldocchi et al., 2001),
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has been continuously extended in the last decade or so. At the same time,
the focus of these observations has shifted progressively from ideal, homo-
geneous sites to sites in complex and heterogeneous conditions (e.g. Schmid,
2002). To measure the exchange fluxes between biosphere and atmosphere,
most often the eddy-covariance technique is employed (e.g. Aubinet et al.,
2000; Baldocchi et al., 2000). However, the adoption of this method in com-
plex terrain potentially violates certain basic theoretical assumptions, such as
the need for horizontally homogeneous and steady state flow conditions, and
no advection (e.g. Kaimal and Finnigan, 1994; Foken, 2003). In addition, the
operation of a flux monitoring station in terrain of variable land-use struc-
ture raises the question of which type of vegetation is represented by the
measured fluxes.

To address these problems, approaches determining the flux data qual-
ity (e.g. Foken and Wichura, 1996) of eddy-covariance measurements
should be employed to allow for a profound data interpretation, and the
spatial representativeness of the data should be analysed using footprint
modelling. Intending to provide a tool for the evaluation of complex mea-
surement sites, Göckede et al. (2004) developed an approach that brings
together these two methods; this was successfully applied in an extensive
study by Rebmann et al. (2005) to 18 CARBOEUROFLUX sites. Still,
their concept suffered some weaknesses that compromised the accuracy of
the obtained results.

First of all, the analytic flux source area model (FSAM) of Schmid
(1994, 1997) was employed to determine the source area of the measure-
ments. In general, analytical footprint algorithms simplify the actual flow
physics in order to gain mathematical simplicity, and thus to decrease
the computational expense (Schmid, 2002). Therefore, FSAM is a rather
simple model that allows for a fast two-dimensional computation of the
source area with reasonable computational expense and satisfying accuracy.
However, the model was not designed for operation above tall vegetation,
neglecting e.g. within-canopy flow and alongwind diffusion. Secondly, an
oversimplified procedure was used to derive a footprint-based roughness
length for each 30-min average of the input dataset. This concept considers
the composition of land-use types within the source area, but not the struc-
ture of the land-use patches, neglecting the requirement for a non-linear
flux aggregation to derive an effective value of the roughness length (e.g.
Claussen, 1990).

The present study was designed to overcome these two major weak-
nesses in the approach by Göckede et al. (2004), and thus to improve
the accuracy of the site evaluation procedure. First of all, the analytic
footprint model FSAM (Schmid, 1994, 1997) was replaced by a forward
Lagrangian stochastic (LS) trajectory model (Rannik et al., 2003). This
LS model is especially designed to determine the source area over tall
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vegetation, and considers within-canopy transport processes. Still, even this
forward LS model has weak points, such as the assumption of horizontally
homogeneous flow conditions, or uncertainties concerning the description
of the canopy turbulence, which are treated in more detail in the discus-
sion in Section 7. Concerning the determination of areally-averaged values
of the effective roughness length as input for the footprint model, several
approaches were tested according to their practicability within the context
of the present approach, and for the quality of the results obtained. Finally,
the microscale flux aggregation model of Hasager and Jensen (1999) was
chosen to compute an individual roughness length for each 30-min average
in a pre-processing step. Inputs for this model are a satellite-based land-
cover map and the local roughness value in each of the land-cover types.
The output is a map of friction velocity in each grid cell calculated as
a function of the upwind roughness step changes. With this method, the
effective roughness length value can be obtained for larger areas, e.g. the
footprint area in our case, using non-linear summation and the assumption
of a logarithmic wind profile (Hasager and Jensen, 1999).

Overall, the present approach intends to support the interpretation of
results obtained at meteorological sites situated in heterogeneous terrain.
Similar to Göckede et al. (2004), it focuses on the visualisation of spa-
tial structures of the quality assessment results of the Foken and Wichura
(1996) approach. In this way, the influence of disturbing terrain elements,
such as buildings or pronounced hills, on long-term flux measurements will
be identified and evaluated, allowing low-quality data to be filtered out. A
second major focus is the determination of the average source weight func-
tion for a longer measurement period, the so-called ‘footprint climatology’
(e.g. Amiro, 1998). The flux contributions of different types of land-use to
the fluxes measured can be evaluated, a feature especially useful for flux
monitoring stations in heterogeneous terrain that aim at the examination
of a specific type of vegetation. Finally, footprint-averaged mean values of
arbitrary input parameters can be calculated, e.g. for the analysis of the
vertical wind component, to evaluate the performance of a specific coor-
dinate rotation method.

2. Input Dataset

2.1. Site description and eddy-covariance data

All data used within this study were obtained at the Waldstein
Weidenbrunnen site (Gerstberger et al., 2004), which is located in the Fich-
telgebirge mountains near Bayreuth, Germany. The flux measurement tower
(50◦08′31′′N, 11◦52′01′′E, 775 m a.s.l.) has a height of 33 m and is part of
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the FLUXNET network (Baldocchi et al., 2001). The surrounding terrain
is hilly with moderate slopes, mainly covered by spruce forest with a mean
tree height of 19 m for the nearest surrounding area. The most important
surface heterogeneities affecting the measurements are a large clearing situ-
ated approximately 250 m west of the tower, and the summit of the ‘Großer
Waldstein’ (877 m a.s.l.), which lies at a distance of about 1700 m in the
south-westerly sector.

The meteorological dataset employed for this analysis covers the period
May 21 to July 31, 2003. The eddy-covariance measurement complex con-
sisted of a three-dimensional sonic anemometer (R3, Gill Instruments
Ltd., Lymington, U.K.), and an open path infrared gas analyser (LiCor
7500, LI-COR Biosciences, Lincoln, USA). More details on the experi-
mental set-up is provided by Thomas et al. (2004). Signals were stored as
20 Hz raw data, and subsequently processed with a standard procedure for
eddy-covariance data including the Planar-Fit coordinate rotation (Wilczak
et al., 2001), a spectral correction following Moore (1986), and the WPL
correction to account for density fluctuations (Webb et al., 1980; Liebethal
and Foken, 2003). In addition, the Foken and Wichura (1996) flux data
quality assessment scheme as described in Section 4 is applied.

2.2. Terrain data

A matrix describing the land-use structure of the terrain surrounding the
flux tower was produced using satellite remote sensing data. This map, with
a horizontal resolution of 15 m, covers an area of 7.1 km in an east–west
direction and 5.1 km in a north–south direction. Seven land-use classes were
differentiated (Table I), of which the dominant land-use class is conifer, cov-
ering more than 60% of the total area. Close to the tower position, the large
forested areas are intercepted only by the land-use classes described as clear-
ings (12.3%) and quarry (0.3%); the agricultural land classes surrounding
the forest play a marginal role. The assignment of roughness length values
to the land-use classes as presented in Table I follows the scheme proposed
by Hasager et al. (2002).

3. Methodology on Flux Aggregation

Flux aggregation methods are an important tool used to include subgrid-
scale effects into numerical weather prediction, or climate and hydrological
modelling (e.g. Mahrt, 1987; Mason, 1988; Claussen, 1991; Mahrt, 1996;
Hasager and Jensen, 1999). In heterogeneous terrain, often small-scale
variations of surface properties such as temperature, humidity, or aero-
dynamic roughness, cannot be resolved by the grid cells in these models.
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TABLE I

Land-use classes within the observation area at the Waldstein Weidenbrunnen site.

Class [%] of area z0 [m] Description

Conifer 61.1 1.8 Conifer trees (mainly spruce) of several age classes
Clearings 12.3 0.3 Small open areas with scattered bushes or trees
Grassland 5.6 0.08 Permanent grassland, pasture land
Summer crops 6.5 0.03 Crops with peak in development in late summer
Winter crops 6.2 0.05 Crops with peak in development in early summer
Settlement 4.8 1.2 Rural settlements, buildings, sealed areas
Quarry 0.3 0.5 Area of mining activities
Unclassified 3.2

The values for the roughness length z0 are taken from Hasager et al. (2002).

Accordingly, these parameters have to be averaged to provide effective val-
ues for the whole grid cell, which allows the production of representative
areally-averaged fluxes of momentum, sensible and latent heat, and other
scalars (Hasager et al., 2003). By definition, these effective parameters have
values that, in homogeneous terrain, would produce fluxes equal to the
spatial average found in heterogeneous terrain (Fiedler and Panofsky, 1972;
Wieringa, 1986; Mason, 1988; Claussen, 1991).

In the context of footprint studies, aggregation methods have to be
employed to provide an effective value of the surface roughness length z0.
In heterogeneous terrain, the roughness length for a specific measurement
position might change with the varying source weight function; thus, a suit-
able method has to be applied to produce an effective z0 value for each
30-min average of the input dataset.

3.1. Concepts for flux aggregation

An average roughness length value for a heterogeneous grid element can
be easily approximated as the arithmetic mean of the individual z0 val-
ues of the patches composing the area. However, this so-called parameter
aggregation is physically incorrect (e.g. Claussen, 1990; Foken, 2003), as
strong turbulence in small regions can dominate the areally-averaged fluxes
(Mahrt, 1987; Schmid and Bünzli, 1995). To account for this non-linearity,
several approaches to a flux aggregation method have been developed, with
varying degrees of sophistication. One of these is the logarithmic averaging
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of z0, which can be further refined to include the apparent friction velocity
(e.g. Taylor, 1987; Mason, 1988; Claussen, 1990). Furthermore, the effec-
tive z0 value can be estimated with the drag-law method (Claussen, 1991),
which is based on the blending height concept (Wieringa, 1986; Mason,
1988), and the more complex mosaic approach (Avissar and Pielke, 1989;
Avissar, 1991).

All aggregation procedures listed above have a common feature, whereby
they derive an areally-averaged roughness length taking into account only
the composition of land-use types within the specific area. It has been
shown from experiment (Klaassen and Claussen, 1995; Flesch and Wilson,
1999; van Breugel et al., 1999; Klaassen et al., 2002) and from theoreti-
cal or modelling studies (Schmid and Bünzli, 1995; Mölders et al., 1996;
Goode and Belcher, 1999; Hasager and Jensen, 1999) that fluxes in a het-
erogeneous landscape are not influenced by local surface conditions alone,
but also depend on the properties of adjacent areas. This effect is related
to internal boundary-layer theory (e.g. Garratt, 1992; Kaimal and Finni-
gan, 1994). Especially flow across a transition from a smooth to a rough
surface leads to an overshoot of turbulence up to a certain downwind dis-
tance (Klaassen et al., 2002), such that the average flux of a grid cell can be
significantly enhanced in strongly heterogeneous terrain (Friedrichs et al.,
2000). Thus, the texture of the surface variability has to be included into
the aggregation process in order to avoid an underestimation of the effec-
tive roughness length.

Schmid and Bünzli (1995) demonstrated numerically that the stress devi-
ation due to the overshoot of turbulence for a flow across a roughness
step-change from smooth to rough surfaces is the dominant process for
the areally-averaged fluxes of a heterogeneous grid cell. The first mod-
elling approaches to consider such effects, the so-called subgrid models
(Seth et al., 1994; Mölders et al., 1996), were developed as advanced ver-
sions of the mosaic approach that do not rearrange the land-use patches
within the grid cell. However, high computational resources are required,
and because of the scale-dependency of the drag and transfer coefficients
(Mahrt and Sun, 1995), the applicability is restricted to scales larger than
4 km (Mölders et al., 1996).

3.2. Microscale aggregation model

A more practicable approach to aggregate roughness lengths under con-
sideration of local advection effects was developed by Hasager and Jensen
(1999). This microscale aggregation model takes into account the response
of the atmospheric flow for every roughness step change in arbitrary sur-
face conditions. The physics consist of a linearised version of the atmo-
spheric momentum equation in which only the advective term and the
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vertical flux divergence are assumed to be of importance (Hasager et al.,
2003). The algorithms are solved by Fast Fourier Transform (FFT), which
allows the time-efficient computation of the effective roughness parame-
ter consistent with the average stress for a given background flow. Ter-
rain information is provided by high resolution two-dimensional land-use
maps, with a fixed roughness length assigned to each land-use class. The
microscale model allows direct calculation of the effective roughness for the
footprint area. The effective roughness varies with wind direction and sta-
bility for the specific site. In the context of the site evaluation approach
presented, the Hasager and Jensen (1999) microscale aggregation model
is used as a pre-processing step to produce tables of effective z0 values
for different flow conditions as input for the footprint model. In the case
of the Waldstein Weidenbrunnen site, these tables contain results for 12
wind direction sectors, 14 different settings for the stability of atmospheric
stratification, and five temperature regimes in the range −10 ◦C< Tair <

30 ◦C. The atmospheric stratification is induced by a temperature difference
between the surface temperature Tsurf and the temperature at measurement
height, Tair, in the range −4 K<(Tair −Tsurf )<3 K, which corresponds to a
stability range of about −0.25 < z/L < 0.8, the exact values depending on
the temperature regime and the wind direction, with L being the Obukhov
length. As the roughness length for more unstable cases was almost con-
stant, model runs for values of z/L below −0.25 were not required.

4. Flux Data Quality Assessment

The quality assessment of the measured fluxes of momentum, sensible
and latent heat, and carbon dioxide is performed with a modified ver-
sion of the method proposed by Foken and Wichura (1996). Individual
quality flags are used to rate the stationarity of the data, and to test

TABLE II

Derivation of final quality flags from flags for stationarity and integral turbulence
characteristics.

Stationarity flag 1 2 1–2 3–4 1–4 5 ≤ 6 ≤ 8 ≤ 9
Integral turbulence characteristic flag 1–2 1–2 3–4 1–2 3–5 ≤ 5 ≤ 6 ≤ 8 ≤ 9

Final flag 1 2 3 4 5 6 7 8 9

Adapted from Foken et al. (2004).
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for development of the turbulent flow field with the so-called integral
turbulence characteristics. The combination of these two ratings yields the
final flux data quality flag (Table II). As no commonly valid integral tur-
bulence characteristics have been developed for the latent heat flux and the
CO2 flux, for the rating of these parameters only the stationarity of the
flow and the integral turbulence characteristics of the vertical wind com-
ponent are considered. Details on the quality flag assignment as well as a
discussion on the validity of this approach in complex terrain conditions
are presented by Göckede et al. (2004).

5. Source Area Analysis

The footprint analyses are performed with the Thomson (1987) forward LS
trajectory model of the Langevin type (e.g. Wilson et al., 1983; Wilson and
Sawford, 1996). The exact formulation of the footprint algorithms, includ-
ing the definition of the flow statistics and the effect of stability on the
profiles, can be found in Rannik et al. (2003). The model can be applied
to diabatic conditions, and also considers within-canopy flow effects. Like
all LS models designed for three-dimensional model domains, the Rannik
et al. (2003) model can also treat three-dimensional turbulent diffusion (e.g.
Reynolds, 1998). As a forward approach relying on the inverted plume
assumption (e.g. Schmid and Oke, 1988; Schmid, 2002), it is restricted to
horizontally homogeneous flow conditions. As discussed in more detail in
Section 7, this restriction leads to erroneous results of the modelled source
area where significant inhomogeneities dominate the flow conditions at the
observed site.

For the study presented, the simulations were performed releasing
5×104 particles from a height equal to 0.01 times the canopy height [m],
which were tracked until the upwind distance accounted for approximately
90% of the total flux. To save computational time, the flux footprint esti-
mators were pre-calculated for any combination of 19 stability classes, 25
roughness lengths, and 22 observation heights, with the definition of the
classes independent of the settings for the aggregation model described in
Section 3. The number of classes and the range of the parameters were
optimised for the analysis of sites enlisted in the CarboEurope-IP project,
but can be modified for any site setting if required. This procedure leaves
the Obukhov length L, roughness length z0, and measurement height zm

as the only input parameters required to run the footprint analyses. As
the roughness length z0 required to run the footprint model is derived as
a function of atmospheric stability, wind direction φ, and air temperature
Tair [◦C] from the results of the aggregation model described in Section 3,
φ and Tair are also needed as input parameters. A test of the influence
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of a displacement height d for different wind directions on the output of
the model revealed a negligible influence of this parameter on the model
output for the Waldstein Weidenbrunnen site. The variations of ±0.6 m,
which were determined by wind profile evaluations, induced insignificant
changes of the averaged flux contribution of the target land-use type (see
also Figure 1) in the second decimal place. As the consideration of the
effect of varying tree heights on the displacement height for different wind
sectors requires a detailed input dataset, this feature is not part of the stan-
dard site evaluation procedure, but can be included if the information is
available.

To link the meteorological measurements with the terrain information,
a footprint analysis was performed for each 30-min average of the obser-
vation period. This concept is described in detail by Göckede et al. (2004),
and thus is only briefly outlined here. The obtained source weight func-
tion was projected onto the land-use matrix by assigning weighting fac-
tors ranging from zero to one to all matrix cells. These weighting factors
were sorted by the different land-use classes and subsequently summarised,
yielding the relative flux contribution of each class to the total flux. This
simplified aggregation process is based on the assumption of a uniform flux
over all parts of the terrain that have been assigned to the same land-use
class.

For the site evaluation concept presented, the individual results of the
flux data quality assessment and the footprint analyses had to be com-
bined for the complete observation period. This was obtained by collecting
the results for the 30-min average in a database, specifying the individually

Figure 1. Classified distribution of the relative flux contribution of the target land-use type
(spruce forest) to the total flux measured. Frequency distributions were determined for the
complete dataset, daytime situations between 0600 and 1800 UTC, and nighttime situations
between 1800 and 0600 UTC.
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assigned source weight for each matrix cell, as well as the quality flags for
each of the five different quantities observed. The quantities considered are
momentum flux, sensible heat flux, latent heat flux, CO2 flux, and the con-
tribution of the land-use type to be observed within the source area to the
total flux measured. For the vertical wind component w this procedure was
slightly modified. Instead of quality flags, the mean values for w before and
after performing the Planar-Fit rotation (Wilczak et al., 2001) were stored
in the database.

Finally, for each matrix cell, the entries in the database were evaluated
in order to reveal the relative flux contribution to the total flux over the
whole observation period, and the mean data quality for each of the six
different quantities observed. To obtain the relative flux contribution of a
cell, all entered weighting factors were summed and subsequently norma-
lised with the highest sum found in the entire matrix. To assess the overall
data quality, the weighting factors were summed for each observed quantity
and then sorted according to the quality flag. As the final quality flag for
each cell, the median of the distribution of these sums is used. To evalu-
ate the vertical wind speed the arithmetic mean, instead of the median, was
computed for each matrix cell of the observed terrain. The results give an
overview of the slope of the vertical wind field at the site, and can be used
to check the performance of a coordinate rotation procedure, such as the
Planar-Fit rotation, by comparing the results before and after the rotation.

6. Results

At most measurement sites, a target land-use type is specified for which the
data shall be representative. In the case of heterogeneous terrain, a foot-
print-based evaluation of the relative flux contribution of the target land-
use type to the total flux can help to derive improved results by identifying
measurements that are significantly influenced by other types of land-use.
These flux contributions can be obtained with the present approach, as
shown in a frequency distribution for the Waldstein Weidenbrunnen site
during the chosen observation period (Figure 1).

Figure 1 indicates that for the Waldstein Weidenbrunnen site, with an
average of about 86%, the flux contribution of the target land-use type
(spruce forest) was dominant during the chosen observation period. How-
ever, other land-use types (mostly clearings) also had a significant influ-
ence, so that if a flux contribution from spruce forest of more than 80%
is considered as representative for this type of land-use, only about 64%
of the measurements could be used. A differentiation between nighttime
and daytime situations included in Figure 1 reveals differences for sin-
gle flux contribution classes of up to 13% between nighttime and daytime
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evaluations, while the difference for the mean flux contribution averaged
over all measurements is about 1%. The higher average flux contribution
during the night, in spite of larger source areas due to the mostly stable
atmospheric stratification, can be explained by the dominant south-easterly
wind direction, which reduces the influence of the large clearings to the
west and to the north of the tower position (see also Figure 2b).

The accumulation of all source weight functions for the 30-min averages
of the total observation period yields the so-called ‘footprint climatology’
for the specific period. In the present approach, this process can also be
performed for different stratification regimes, in order to show the varying
area of influence on the measurements with changing atmospheric stability.
Figure 2 presents examples for unstable stratification (Figure 2a, represent-
ing 38% of the input dataset), and stable stratification (Figure 2b, 34% of
the dataset), obtained for the Waldstein Weidenbrunnen site.

The white isopleths in Figure 2a and b reproduce the three-dimensional
structure of the accumulated source weight function. They indicate the
percentage contribution to the total flux, such that all matrix cells lying
within the ‘90’-isopleth have each accumulated flux contributions larger
than 90% of the maximum value within the entire matrix. Isopleths below
the threshold of 5% are not displayed because of the large areas covered,
even though these cells are considered in the evaluations. The figures reveal
that, for the chosen observation period at the Waldstein Weidenbrunnen
site, during unstable stratification the maximum of the accumulated source
weight function is centred at the tower location, while for stable stratifica-
tion the region to the south-east of the mast was of principal importance

Figure 2. Footprint climatology for the Waldstein Weidenbrunnen site for (a) unstable and
(b) stable stratification. The three-dimensional weighting function is indicated by the white
lines. Values are in percentages to the peak of the function, with solid lines ranging from
90% to 10%, and the dashed line as 5% of the maximum. Distances to the tower position
are given in m, with the tower position located at (0, 0).
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for the measurements. For all stratification cases as shown in Figures 4 and
5, the peak of the accumulated source weight function is situated very close
to the west of the tower position. The principal part of the fluxes mea-
sured under unstable stratification conditions was emitted within an area of
about 500 m × 500 m, while for stable stratification the accumulated source
weight function has a larger extension of approximately 1400 m × 1200 m.

In order to include a visualisation of the overall data quality of the
quantities observed, different greyscales can be used to indicate the results
of the data quality assessment. In Figure 3, the greyscales show the dom-
inant data quality flag for the latent heat flux under stable stratification
conditions. The white isopleths, specifying the relative flux contributions for
the Waldstein Weidenbrunnen site for stable stratification, are included to
highlight the region of greatest influence on the observations.

For most parts of the measurement site, the overall rating of the latent
heat flux was very good (classes 1–3), indicating that with the employed
open path gas analyser, water vapour measurements of high quality can be
obtained even in complex terrain. However, the visualisation of the results
also reveals two distinct wind sectors with only medium quality (classes
4–6), one in the south and the other in the north-west of the tower posi-
tion. This reduction of the overall data quality is induced by topographical

Figure 3. Spatial distribution of the quality assessment results for the latent heat flux dur-
ing stable stratification. The footprint climatology for stable stratification is indicated by the
white isolines. Greyscales indicate the average data quality for each matrix cell. Of the nine
possible quality classes ranging from 1 (best) to 9 (worst), only classes 1 to 6 are present
in this part of the terrain. Distances to the tower position are given in m, with the tower
position located at (0, 0).
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Figure 4. Spatial distribution of the average values of the mean unrotated vertical wind
component w. The footprint climatology for all stratification cases is indicated by the white
isolines. The greyscales show the mean unrotated w values [m s−1] that have been calculated
for each matrix cell under consideration of the footprint results. Distances to the tower posi-
tion are given in [m], with the tower position located at (0, 0).

effects that disturb the turbulent flow field, as explained in more detail in
the following paragraphs.

In addition to the visualisation of spatial structures of quality flags, the
present approach can also be employed to produce footprint-averaged maps
of other meteorological parameters. Under consideration of the footprint
results, a weighted mean value of the specific parameter is computed for
each matrix cell, using the entries of the 30-min averages in the database.
This method can, for example, be applied to show spatial structures of the
vertical wind component w to find out if a rotation method should be
applied on the unrotated data, and to check if a possible subsequent coor-
dinate rotation was performed correctly.

In Figure 4, the results for the unrotated values of the mean verti-
cal wind component w at the Waldstein Weidenbrunnen site indicate a
general tilt in the wind field, with high positive averaged values of w

in the south-westerly wind sector, and a trend for negative values in the
north-easterly direction. The slightly higher deviations from zero in the
south-westerly wind sector might be caused by the summit of the ‘Großer
Waldstein’, which lies at a distance of about 1700 m in this direction. These
results indicate the usefulness of a Planar-Fit coordinate rotation at this
site to eliminate the general slope of the wind field induced by the local
topography.
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Figure 5. Spatial distribution of the average values of the mean vertical wind component w

[m s−1] after performing the Planar-Fit correction. The footprint climatology for all stratifi-
cation cases is indicated by the white isolines. The greyscales show the mean w values that
have been calculated for each matrix cell under consideration of the footprint results. Please
note that the range of values is significantly smaller than that shown in Figure 4. Distances
to the tower position are given in m, with the tower position located at (0, 0).

The results for the vertical wind component w, after performing the
Planar-Fit coordinate rotation shown in Figure 5, demonstrate that the
application of this method at the Waldstein Weidenbrunnen site was very
effective. Overall, the mean values of w were reduced so that the remain-
ing deviations from zero are insignificant for the computation of the eddy-
covariance fluxes. However, this example also demonstrates that even after
the rotation, mean values for w may remain where the average wind field
is not an even plane, but is instead individually tilted in different wind sec-
tors. The highest deviations shown in Figure 5 are again to be found in the
south-westerly sector, and are, again, probably caused by the summit of the
‘Großer Waldstein’. The positive deviations found within the northern wind
sector may be induced by a steep slope in the topography in this direction.
As the residues for w are very small in this case, no further correction is
necessary.

7. Discussion

A direct comparison between results obtained by the original method pro-
posed by Göckede et al. (2004) and the revised method, which overcomes
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Figure 6. Comparison between results from the analytical version of the approach (Göckede
et al., 2004) and from the Lagrangian Stochastic version as presented. The classified distri-
bution of the relative flux contribution of the target land-use type to the total flux measured
as computed with the different approaches is shown.

the conceptual weaknesses of the previous version, reveals significant
differences (Figure 6).

Similarly to Figure 1, Figure 6 presents the classified flux contributions
of the target land-use type for the Waldstein Weidenbrunnen site for the
old version of the approach by Göckede et al. (2004) and the new ver-
sion presented here. As the use of the old version implies that a part of
the input dataset is discarded due to model break-ups, for the purpose
of comparison, the dataset was also reduced for the new version. Thus,
for both versions only about 83% of the available dataset could be used
and, as a consequence, the results of the new version deviate slightly from
those shown in Figure 1. Figure 6 illustrates the important influence of the
improvements implemented in the present approach, with a distinct shift
of the frequency distribution towards the higher flux contribution classes
for the new version of the approach, and a corresponding increase of the
average flux contribution of the target land-use type of about 8%. How-
ever, this comparison cannot provide any arguments about which version
of the model delivers the better results, as reference values are not avail-
able in this example, and the site characteristics do not allow for a thor-
ough model evaluation.

Although some of the main shortcomings of the old version by Göckede
et al. (2004) have been improved, the present approach still uses certain
simplifications in order to provide a site evaluation tool that is practical
and easy to use. As already stated in Section 5, the applied forward LS
footprint approach of Rannik et al. (2003) assumes horizontally homoge-
neous flow. Thus, in principle, the operation of this model is not valid in
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complex terrain with large step changes in roughness (e.g. Schmid and Oke,
1990), and consequently, the accuracy of the modelling results obtained has
to be interpreted with care. However, Foken and Leclerc (2004) presented
results for the Waldstein Weidenbrunnen site that demonstrate that even
the use of the simpler analytic footprint model by Schmid (1997) could
provide valuable information on the characteristics of heterogeneous sites.

As an additional problem, the use of pre-calculated source weight func-
tions does not allow the consideration of site-specific flow statistics; thus,
generalisations are required that cause further uncertainty. To eliminate
these shortcomings, the adoption of a backward LS model and intensive
measurements to adapt it to specific sites would be necessary, making any
practical application impossible.

The adoption of the correct flow statistics is a critical task for both
analytic and LS footprint models. Since usually no information is available
to produce individual velocity statistic profiles for each model run, ensem-
ble-averaged data are used. These profiles, which are averaged over many
sampling runs for a specific site, or frequently even taken from observa-
tions at other ‘representative’ sites, do not explicitly resolve the effect of
local stability on the flow properties, and the large run-to-run variations
in scalar fluxes (Lee, 1998). Hsieh et al. (2003) demonstrate that the adop-
tion of velocity profiles for individual runs did not improve the prediction
of within-canopy heat fluxes by a two-dimensional Lagrangian dispersion
model. However, this problem emphasises the fact that any footprint model
can only be as good as the description of the underlying turbulent flow
conditions. The operation of footprint models for flow within or above tall
canopies (e.g. Baldocchi, 1997; Rannik et al., 2000, 2003) is compromised,
as only few generally valid theories are known for the flow in the canopy
space (e.g. Lee, 1998; Finnigan, 2000). Consequently, parameters describing
the canopy turbulence, e.g. the profiles of the wind velocity components,
have to be approximated with crude generalisations and ad hoc assump-
tions (Schmid, 2002). Moreover, recent findings by Pyles et al. (2004) dem-
onstrate an influence of the canopy architecture on the directional wind
shear within and above tall vegetation, a process that may significantly
influence the transport processes, but is not accounted for by most foot-
print models. In spite of experimental difficulties (e.g. Mahrt, 1998), the
problem of transport processes and footprints in and above high vegetation
has been analysed in several detailed studies within the last few years (e.g.
Lee, 2003; Marcolla et al., 2003; Markkanen et al., 2003). However, to date
no unified theoretical framework exists for this type of flow.

A related problem already addressed by Schmid (2002) concerns the
treatment of flow affected by step changes in surface properties, e.g. at for-
est edges or clearings. Such step changes have a significant influence on
the atmospheric flow conditions downwind of their position (e.g. Klaassen
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et al., 2002; Leclerc et al., 2003), as discussed in more detail in Section 3.1.
If such inhomogeneities are present, the source of the measured fluxes may
significantly deviate from the source area computed by a footprint method
that assumes horizontal homogeneous flow (Foken and Leclerc, 2004). In
principle, inhomogeneous flow situations can be resolved by backward LS
footprint models (Kljun et al., 2002), but a method for an accurate repre-
sentation of the horizontally heterogeneous statistics as input for the model
still has to be developed. Also, the consideration of the topography of
the surrounding landscape has not been implemented by existing footprint
models to date.

8. Conclusions

A site evaluation approach has been developed that adds to the existing
control methods (e.g. Foken et al., 2004) for flux data quality at mete-
orological measurement sites and flux towers in complex terrain. As an
update of the method proposed by Göckede et al. (2004), it combines
the results of a quality assessment tool for eddy-covariance measurements
(Foken and Wichura, 1996) with a forward Lagrangian stochastic footprint
model (Rannik et al., 2003). In a pre-processing step, the microscale flux
aggregation model of Hasager and Jensen (1999) is implemented to provide
effective roughness lengths as input for the footprint analyses. With no ref-
erence available for validation purposes, in spite of partly significant differ-
ences to the results obtained with the approach by Göckede et al. (2004), it
cannot be proven which of the versions produces the better results. How-
ever, as the newly implemented features are better adapted for modelling
studies above tall vegetation, it can be assumed that the accuracy of the
results was also significantly improved.

The present approach may be applied for the interpretation of results
from monitoring stations situated in heterogeneous terrain, e.g. most sites
organised in FLUXNET, although it has to be kept in mind that hetero-
geneous flow conditions are still a problem for models such as those used
in the present study. The method yields the dominating quality flag for the
different observed fluxes and the relative flux contribution of each cell to
the total measured flux. The contribution of the target land-use type to the
total flux can be assessed for any user-defined period, indicating how repre-
sentative the measurements are for that specific kind of surface cover. The
approach may also be applied to produce maps of footprint-averaged mete-
orological parameters such as the vertical wind component w, allowing,
e.g., the evaluation of the performance of a coordinate rotation method
such as the Planar-Fit approach. Finally, it proves to be a powerful tool for
the identification of factors distorting the measurements, such as upwind
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obstacles, or flow distortion by the instruments themselves, and the visu-
alisation of the effects of these factors on the data quality.
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